Introduction {#S1}
============

The plasma cell malignancy multiple myeloma (MM) has undergone a marked evolution over the past decade, both in terms of an increased understanding of the pathobiology of the disease as well as in the development of a number of novel agents. The introduction of several new drugs, especially proteasome inhibitors such as bortezomib and carfilzomib and immunomodulatory drugs including thalidomide, lenalidomide, and pomalidomide, has improved outcomes in patients afflicted with MM when applied in the relapsed/refractory setting or incorporated into the treatment paradigms of pre- and post-autologous stem cell transplantation in newly diagnosed MM.^[@R1]--[@R5]^ Although it has been postulated that MM can be a curable disease, many patients still eventually relapse and become refractory to all presently available therapies^[@R6]^ or experience treatment-related toxicities. High-risk myeloma as defined by gene expression profiling is characterized by similar remission rates as standard risk myeloma, but as early relapse often occurs, this entity remains a therapeutic challenge.^[@R7]^ Taken together, these observations suggest that there is an unmet need and the development of further novel therapies is required.

Recently, a number of novel agents with different mechanisms of action have been developed based upon an increasing knowledge of the pathogenesis of MM. These include newer generations of proteasome inhibitors and immunomodulatory drugs, monoclonal antibodies (mAbs) and other immunotherapies, histone deacetylase inhibitors, signal transduction pathway inhibitors, kinase inhibitors, and heat shock protein inhibitors, to name but a few.^[@R8]--[@R10]^

Therapeutic mAbs may have one or more of the following mechanisms of action. MAbs could directly induce growth inhibition by interfering with receptor-ligand interactions, stimulate apoptosis signaling cascades, or act as a carrier of cytotoxic agents such as chemotherapeutic drugs or radioisotopes. MAbs could also induce tumor cell killing via indirect mechanisms mediated by the immune system. These include antibody-dependent cellular cytotoxicity (ADCC), macrophage-mediated phagocytosis, and complement-dependent cytotoxicity (CDC).^[@R11]--[@R14]^ ADCC is triggered by interactions between the Fc region of mAbs bound to the tumor cell and Fc receptors on immune effector cells such as natural killer (NK) cells, macrophages, and neutrophils, inducing subsequent cytotoxicity by immune cells. CDC is triggered by the interactions between the Fc region of mAb with C1q, resulting in the accumulation of C3b and subsequent formation of membrane attack complex.

MAb-based therapies have been widely used in several human malignancies, including B-cell malignancies. One of the most actively utilized mAbs is rituximab, a chimeric anti-CD20 mAb which is indicated in the treatment of B-cell non-Hodgkin's lymphoma, chronic lymphocytic leukemia, and Waldenström's macroglobulinemia, both in combination with cytotoxic chemotherapy and as a single agent in maintenance therapy. Rituximab is the first mAb that was evaluated in the treatment of MM. CD20 is expressed by myeloma cells of the CD2 subgroup comprising 15%--20% of MM patients.^[@R15]^ However, rituximab has limited efficacy in CD20-positive MM. Potential explanations are heterogeneous CD20 expression in some patients, the inhibition of CDC by complement regulator molecules such as CD55 or CD59 on MM cells, or Fc receptor polymorphism, which may limit the efficacy of ADCC.^[@R11]--[@R14],[@R16],[@R17]^ Theoretically, the ideal target for mAb therapy should be exclusively expressed or have a significantly higher expression level on tumor cells than nontarget cells. Since myeloma cells could interact with various cellular or noncellular components in the bone marrow (BM) microenvironment, the search of the potential targets has led to the development of mAbs not only targeting the antigens expressing on the myeloma cell, but also targeting adhesion of myeloma cells to BM stromal cells (BMSC), neutralizing growth factors in the BM microenvironment and inhibiting the function of their receptors, targeting mediators of bone disease, and improving anti-MM immune responses.^[@R11]--[@R14]^ Currently, a number of novel mAbs have been developed and investigated in preclinical studies, and some of them have entered early stage clinical trials.^[@R11]--[@R14]^ MAbs which have been investigated in various stages of clinical trials in the treatment of MM are listed in [Table 1](#T1){ref-type="table"}.

CS1, a cell surface glycoprotein receptor that is a member of the signaling lymphocytic activation molecule (SLAM) family, is highly and nearly uniformly expressed in patient MM cells at the gene and protein levels while expression in healthy cells is limited to certain immune cell subsets, making CS1 a compelling target for the design of immunotherapies for MM.^[@R18]--[@R20]^ Elotuzumab (formerly HuLuc63) is a fully humanized IgG1 monoclonal antibody recognizing the extracellular region of human CS1 that has been shown to be effective in preclinical investigations both in vitro and in vivo,^[@R18]--[@R20]^ and has prompted several early stage clinical trials in patients with relapsed and refractory MM.^[@R21]--[@R25]^ Currently, elotuzumab is the most extensively evaluated mAb for the treatment of MM, and thus is further along in its clinical development.^[@R26]^

In this review, we will first discuss the biological characteristics of CS1, its expression and function in normal cells, as well as the possible role of CS1 in the pathogenesis of MM. Next, we will review the preclinical data and the mechanisms of action for elotuzumab, which support its use to treat MM. Lastly, we will review the results of the completed early stage clinical trials, mention ongoing clinical trials with elotuzumab, and discuss the potential applications and future directions of elotuzumab in the treatment of MM.

Biological characteristics of CS1 and the SLAM family {#S2}
=====================================================

CS1 (also known as CD2 subunit 1, SLAMF7, CD319, CRACC) is a cell surface glycoprotein receptor that belongs to the SLAM family.^[@R27],[@R28]^ The SLAM family receptors are a subset of the CD2 superfamily of immunoglobulin domain-containing molecules that are expressed on the surface of various hematopoietic cells and are recognized as important immunomodulatory receptors.^[@R29]--[@R31]^ The SLAM family receptors in humans consist of SLAM (CD150, SLAMF1), CD48 (SLAMF2), LY9 (CD229, SLAMF3), 2B4 (CD244, SLAMF4), CD84 (SLAMF5), NK-T-B antigen (NTB-A, CD352, SF2000, SLAMF6), CS1, BLAME (CD353, SLAMF8), and SF2001 (CD84H1, SLAMF9). The genes encoding the SLAM family receptors, including CS1, are located on human chromosome 1q23. Interestingly, amplification of chromosome 1q is frequently found in aggressive MM and is associated with poor prognosis.^[@R7]^ The SLAM family receptors have a similar structure characterized by an extracellular domain containing an Ig variable-like domain and a C2-like domain, a transmembrane domain, and a cytoplasmic domain containing one or more immunoreceptor tyrosine-based switch motifs (ITSMs), except LY9 that has duplicated V-C2-like sequences, and BLAME and SF2001 which have short intracellular tails that lack tyrosine motifs.^[@R29]--[@R31]^ The six core SLAM family receptors, SLAMF1 and SLAMF3 to SLAMF7, are self-ligands except 2B4, whose ligand is CD48. When the receptor is engaged, the ITSM undergoes phosphorylation and enables the recruitment of SLAM-associated protein (SAP) family adaptors, including SAP and EWS-Fli1-activated transcript-2 (EAT-2) in humans. The gene encoding EAT-2 is also located on chromosome 1q23. Through recruiting downstream effectors in the presence or absence of the SAP family adaptors, the SLAM family receptors may mediate activating or inhibitory effects on immune cells.^[@R29]--[@R31]^

CS1 has some distinctive features compared to other SLAM family receptors.^[@R29]--[@R31]^ CS1 was found to be highly expressed in normal and malignant plasma cells.^[@R18]--[@R20]^ CS1 only possesses one ITSM in its cytoplasmic domain, compared with at least two ITSMs in other SLAM family members, with the exception of LY9. CS1 only recruits EAT-2 to mediate the activating effects,^[@R32],[@R33]^ unlike other SLAM family members that interact with both SAP and EAT-2. CS1 has two isoforms, CS1-long (CS1-L) and CS1-short (CS1-S), which differ in cytoplasmic domain and exhibit differential expression patterns among immune cells.^[@R34]^

CS1 expression and its functional role in normal cells {#S3}
======================================================

CS1 expressed in hematopoietic cells but not body tissue cells {#S4}
--------------------------------------------------------------

In the initial report identifying CS1, it was found to be expressed on virtually all NK cells, most CD8+ T cells, activated B cells, mature dendritic cells (DCs), and a small percentage of CD4+ T cells, but was not expressed on monocytes and immature DCs using flow cytometric analysis of human PBMC with anti-CS1 mAb 162.^[@R27]^ Many studies have shown that CS1 is expressed in mature NK cells and plays an important role in NK cell activation.^[@R27],[@R28],[@R32],[@R33],[@R35]^ CS1 was also found to be highly expressed in normal plasma cells from healthy donors, but was not expressed in 332 normal tissue samples from 86 different organs using a DNA microarray technique.^[@R18]^ At the protein level CS1 was detected in normal plasma cells, but not in a variety of normal tissues using immunohistochemical (IHC) staining with anti-CS1 mAb MuLuc63 and 1G9.^[@R18]^

In other hematopoietic cells, low CS1 expression was found on resting B cells by anti-CS1 mAb 1G10 and the expression was upregulated upon B cell activation. Only the CS1-L isoform was found on human B cells compared with both CS1-L and CS1-S on human NK cells.^[@R34]^ Another study showed a bimodal pattern of CS1 expression in B cell lineage. CS1 was highly expressed on pro-B cells, dropped during B cell maturation, and again became abundantly expressed in terminally differentiated plasmablasts and plasma cells.^[@R36]^

Functional role of CS1 in normal NK and other immune cells {#S5}
----------------------------------------------------------

Most studies have shown that CS1 plays an important role in NK cell activation,^[@R27],[@R28],[@R32],[@R33],[@R35]^ while a study exploring NK cell function in CS1-deficient mice showed that CS1 does not appear to be critical for NK cell development in vitro and in vivo.^[@R32]^ Initial findings suggested that engagement of CS1 by mAb 162 promotes NK cell-mediated cytotoxicity in a SAP-independent manner.^[@R27]^ This engagement has no cytotoxic effect on neighboring NK cells due to the binding of inhibitory receptors with major histocompatibility complex class I on neighboring NK cells.^[@R35]^ In addition to CS1--CS1 interaction between NK cells and target cells, the CS1--CS1 interaction between NK cells may further enhance NK cell function.^[@R32]^ The positive regulation of NK cell function by CS1 is determined by the expression of EAT-2 but not SAP.^[@R32]^ CS1 recruits EAT-2 and activates PI3K and phospholipase C-γ signaling pathways in human NK cells.^[@R33]^ Further experiments showed that in the presence of EAT-2, CS1 has a positive effect on NK cell activation, while in the absence of EAT-2 CS1 has an inhibitory effect.^[@R32]^

Some studies have explored the functional role of CS1 in B cells and T cells. Ligation of surface CS1 with anti-CS1 mAb 1G10 enhanced proliferation of activated human B lymphocytes, and the CS1 activation enhanced mRNA expression of several growth-promoting cytokines, suggesting CS1 may play a role in the regulation of B lymphocyte proliferation during immune response.^[@R34]^ In T cells, CS1 may have an inhibitory effect. Engagement of CS1 on mouse CD4+ T cells, which naturally lacked EAT-2, resulted in an inhibition of antigen-induced T cell proliferation and cytokine production.^[@R32]^ A low level of CS1 expression was also reported in other immune cells like NKT cells and DCs; however, the functional role of CS1 in these cells remains unclear.

CS1 expression in malignant plasma cells and the possible role in MM pathogenesis {#S6}
=================================================================================

CS1 is highly expressed in MM cells from most MM cell lines and from more than 95% of MM patients both at the mRNA and protein levels.^[@R18],[@R19],[@R37]^ CS1 is also highly expressed in CD138 purified plasma cells from patients with monoclonal gammopathy of undetermined significance and smoldering multiple myeloma (SMM) ([Figure 1A](#F1){ref-type="fig"}).^[@R18]^ CS1 expression in myeloma cells was seen across all MM subpopulations and was not restricted to certain cytogenetic abnormalities, high-risk or low-risk molecular profiles, or molecular subtypes.^[@R18]^ CS1 expression persisted at the time of disease relapse and after bortezomib treatment.^[@R18],[@R20]^ Higher CS1 expression in malignant plasma cells compared to normal plasma cells has not been consistently reported.^[@R18],[@R37]^

CS1 protein is present on many MM cell lines and on primary MM cells by flow analysis with anti-CS1 mAb,^[@R19]^ and in tissue samples from patients with MM and extramedullary plasmacytoma by IHC staining with anti-CS1 mAb 1G9 ([Figure 1B](#F1){ref-type="fig"}).^[@R18]^ CS1 protein was not found in a variety of solid tumors, acute leukemias, mature B cell neoplasms without plasmacytic differentiation, and Hodgkin's lymphomas, but could be found in 25% of peripheral T cell lymphomas at a modest level.^[@R18]^ Low levels of CS1 could be detected in sera of MM patients, but was not found in healthy donors. The correlation of circulating soluble CS1 level and the International Staging System (ISS) grade is moderate, with a higher level in ISS II/III patients.^[@R19]^ CS1 surface protein expression did not change significantly in patient-derived myeloma cells before and after bortezomib treatment.^[@R20]^

The functional role of CS1 in myeloma cells is not well characterized. CS1 may play an important role in the interaction between myeloma cells and its adhesion to BMSCs, as CS1 was shown to be concentrated and colocalized with CD138 at uropod membranes of polarized myeloma cells, which promote cell--cell adhesion.^[@R19]^ Myeloma cells from cell lines showed a decreased binding to BMSCs when transduced with CS1 short interfering RNA; similarly, an inhibited adhesion to BMSCs was observed when these cells were treated with elotuzumab.^[@R19]^ It is well known that the survival and growth of MM cells are dependent on the interactions between MM cells and surrounding microenvironment, including BMSCs. One report showed that CS1 activates ERK1/2, STAT3, and AKT signaling pathways, thereby promoting myeloma growth and survival; however, further confirmation of these results is required.^[@R38]^

Targeting CS1 on myeloma cells with elotuzumab-preclinical studies {#S7}
==================================================================

Development of elotuzumab {#S8}
-------------------------

The characteristics of CS1 expression suggested CS1 is a potential antibody target and led to the generation of anti-CS1 mAb. Initially the murine anti-CS1 mAbs MuLuc63 (IgG2a) and MuLuc90 (IgG2b), recognizing the extracellular portion of CS1, were developed by generating hybridoma cell lines from the spleen cells of mice immunized with purified CS1 protein.^[@R18]^ Both MuLuc63 and MuLuc90 showed significant antitumor activity in vivo in a human myeloma cell line/SCID mouse xenograft model. MuLuc63 was more potent and showed rapid tumor eradication and was therefore selected for humanization.^[@R39]^ HuLuc63, the humanized IgG1 version of MuLuc63, later named elotuzumab, exhibited significant antitumor activity in several xenograft models. It is a fully humanized IgG1 mAb and recognizes the extracellular region of human CS1.

In vitro binding of elotuzumab to leukocyte subsets in human blood and BM samples was primarily to NK cells, NK-like T cells, and CD3+CD8+ T cells, while significant binding to monocytes, B cells, and granulocytes was not observed. No binding was found to CD34+ hematopoietic stem cells, and elotuzumab is not stem cell toxic.^[@R18]^ A modest 20% average decrease in NK cell count and no significant depletion of other major lymphocyte subsets were observed when blood samples from healthy individuals were cultured with different concentrations of HuLuc63, compared with a 70% decrease of B cells following rituximab and 65%--100% decrease on all subsets following alemtuzumab in the same experiment.^[@R18]^

Mechanisms of actions of elotuzumab {#S9}
-----------------------------------

Most work suggests that the predominant mechanism of action of elotuzumab is NK cell-mediated ADCC ([Figure 2](#F2){ref-type="fig"}) and that elotuzumab does not induce CDC. After binding to CS1 on the MM cell surface, the Fc portion of elotuzumab binds to the Fc receptor (CD16) on NK cells, triggering NK cell activation, release of cytotoxic granules, and MM cell killing. In vitro evidence shows that elotuzumab is capable of triggering ADCC in the presence of human peripheral blood mononuclear cells (PBMC), inducing myeloma cell killing of CS1-positive MM cell lines in a dose-dependent manner.^[@R19]^ Elotuzumab also induces lysis of primary myeloma cells by purified autologous NK cells and NK cells from healthy allogeneic donors.^[@R18]^ Blocking the Fc receptor on NK cells by anti-CD16 Ab or depletion of NK cells from PBMC significantly decreased the lytic effect, supporting the notion that NK cells are the dominant effectors.^[@R18],[@R20]^ Further, elotuzumab could trigger autologous effector cell mediated ADCC of primary MM cells resistant or refractory to conventional or novel therapies, including bortezomib or a heat shock protein-90 inhibitor.^[@R19]^

The studies of elotuzumab in combination with other agents in vitro provided a rationale for combination therapy. Pretreatment of PBMC effector cells with lenalidomide could enhance elotuzumab-mediated ADCC against MM cell lines and primary MM cells.^[@R19]^ When cells from the MM1R cell line were pretreated with dexamethasone, bortezomib, lenalidomide, perifosine, or the MEK inhibitor U2106, an increase of myeloma cell killing induced by elotuzumab-mediated ADCC could be observed using PBMC from healthy donors.^[@R19]^ Bortezomib could significantly enhance elotuzumab-mediated ADCC in CS1-positive myeloma cell lines using NK cells or PBMCs from healthy donors and in primary myeloma cells using autologous NK effector cells.^[@R20]^

Antitumor activity of elotuzumab could also be observed in vivo. Significant tumor volume decrease following treatment with elotuzumab compared with control Ab was observed in L363-, OPM2-, and MMS1-inoculated SCID mice, and an elotuzumab dose-dependent effect was found in OPM2 xenograft mice.^[@R19]^ Elotuzumab also inhibited tumor growth in OPM2-engrafted SCID mice in another study, with higher activity observed when the affinity of the Ab to the Fc receptor was increased, and lower activity when NK cells were depleted, further suggesting that antitumor activity depends on the Fc--Fc receptor interaction and the presence of functional NK cells.^[@R18]^ Experiments targeting patient-derived primary myeloma cells in a SCID-hu mouse model demonstrated significant reduction of tumor volume and circulating IgG level in MuLuc63-treated mice, suggesting that the antitumor activity occurs in the setting of the human bone microenvironment.^[@R20]^ Furthermore, elotuzumab in combination with bortezomib exhibited enhanced antitumor activity in OPM2-engrafted SCID mice, compared with elotuzumab or bortezomib monotherapy.^[@R20]^

In addition to ADCC, several alternative mechanisms of action have been proposed for elotuzumab, including interfering with MM cell adhesion to BMSC and enhancing NK cell cytotoxicity directly ([Figure 2](#F2){ref-type="fig"}). As mentioned previously, CS1 mediates MM cell adhesion to BMSC and elotuzumab appeared to induce NK cell activation through binding to CS1 on NK cells, which enhances cytotoxicity against CS1-positive MM cells but not against autologous NK cells.^[@R19]^ Elotuzumab may also promote CS1--CS1 interaction between NK cells and CS1-positive target cells to enhance cytotoxicity.^[@R40]^

The presence of functional effector cells is important for ADCC, and the functional immune response of NK cells toward MM cells is impaired due to immunoevasive strategies by MM cells.^[@R41]^ We have reported that NK cell function can be augmented by coculture with K562 transfectants expressing membrane bound IL15 and the costimulatory molecule 4-1BBL.^[@R42]^ Ex vivo expanded NK (ENK) cells derived from healthy donors or MM patients were capable of killing both allogeneic and autologous primary MM cells in vitro, whereas resting NK cells were not, and adoptive transfer of ENK cells inhibited growth of OPM2 and high-risk primary MM tumors grown in mice and protected bone from osteolysis.^[@R42]^ In a subsequent clinical trial on patients with high-risk relapsed/refractory MM, the infusion of high-dose ENK cells was safe and in vivo expansion was observed.^[@R43]^ Pretreatment of autologous MM cells with elotuzumab could enhance ENK cell-mediated killing by ADCC in vitro,^[@R44]^ providing the rationale for a combination therapy of elotuzumab and ENK cells. Elotuzumab was observed to be able to enhance both ENK cell-mediated, and to a much lesser extent, resting NK cell-mediated killing of autologous MM cells in vitro, implying that the activation status of NK effector cells contributes to elotuzumab activity ([Figure 3](#F3){ref-type="fig"}).

Clinical trials with elotuzumab {#S10}
===============================

Phase I clinical trials {#S11}
-----------------------

The above preclinical findings of elotuzumab prompted several Phase I clinical trials in patients with relapsed/refractory MM. In a monotherapy Phase I study using dose-escalated (0.5 to 20 mg/kg) intravenous elotuzumab every 2 weeks in 35 patients with relapsed/refractory MM (≥2 prior therapies, median 4.5), no maximum tolerated dose (MTD) was identified up to the maximum planned dose of 20 mg/kg.^[@R21]^ Toxicities were acceptable; the frequent treatment-related adverse events (AEs) are mostly due to infusion reactions, and mostly grade 1 to 2, including chills, pyrexia, and flushing, which prompted the protocol amendment to include premedication with antihistamine and acetaminophen before each infusion and corticosteroid before the first dose of elotuzumab in 20 mg/kg cohort. CS1 on BM-derived MM cells was saturated (\>95%) at the dose level of 10 and 20 mg/kg without dose-limiting toxicity. A transient decrease of absolute lymphocyte count, including both CS1-positive and CS1-negative cells subsets, was found after the first dose but subsequently recovered to near baseline in the following dosing without chronic depletion of T cells. In terms of efficacy, however, no objective responses were observed; the best response was stable disease, which was found in 9 (26.5%) patients.

Despite the limited activity in monotherapy, the combination with other agents has shown encouraging results. In another Phase I study, dose-escalated (2.5 to 20 mg/kg) elotuzumab in combination of a fixed, usually scheduled dose of bortezomib was used in 28 patients with relapsed/refractory MM (one to three prior therapies \[median 2\] bortezomib pretreated were eligible). Treatment comprised intravenous elotuzumab on Days 1 and 11 and intravenous bortezomib 1.3 mg/m^2^ on Days 1, 4, 8, and 11 cycled on a 21-day basis.^[@R22]^ Infusion reactions were observed in 71% of patients, mostly grade 1 or 2 and one with grade 3 toxicity. The protocol was amended to require a premedication with methylprednisolone, diphenhydramine, and acetaminophen before each elotuzumab infusion to mitigate infusion reactions. MTD was not reached up to the maximum planned dose of 20 mg/kg. The most frequent grade 3--4 AEs were lymphopenia (25%), fatigue (14%), thrombocytopenia (11%), hyperglycemia (11%), neutropenia (11%), peripheral neuropathy (11%), and pneumonia (11%). An objective response rate (ORR) was 48% (13 of 27 evaluable patients), including two patients who achieved a complete response (CR) and two bortezomib-refractory patients achieving a partial response (PR). A median time to progression (TTP) was 9.5 months. This compared favorably to the Phase III study (APEX trial) in patients with relapsed/refractory MM, patients receiving bortezomib only, and had an ORR of 38% with a median TTP of 6.2 months.^[@R45]^

In another Phase I study, dose-escalated elotuzumab (5 to 20 mg/kg) in combination with lenalidomide and low-dose dexamethasone was used to treat 29 patients with relapsed/refractory MM (at least one prior therapy \[median 3\], lenalidomide pretreatment eligible). Protocol therapy consisted of a 28-day cycle of intravenous elotuzumab on Days 1, 8, 15, and 22 for the first two cycles and on Day 1 and 15 for the remaining cycles, lenalidomide 25 mg daily on Days 1 through 21, and dexamethasone 40 mg weekly.^[@R23]^ MTD was not reached up to the maximum planned dose of 20 mg/kg. Infusion reactions were again common, mostly mild to moderate, with 89% of patients experiencing at least one; two patients experienced grade 3 or 4 infusion reactions leading to treatment discontinuation. Again, the protocol was amended for patients to receive premedication. The most frequent grade 3 to 4 AEs (\>10%) were neutropenia (36%), thrombocytopenia (21%), fatigue (11%), and diarrhea (11%). The ORR was 82% (23 of 28 evaluable patients), including one CR (4%) and eight very good PRs (29%). Objective responses were observed in two of six patients with prior exposure to lenalidomide, in 15 (94%) of 16 patients with prior therapy with thalidomide, and in 15 (75%) of 20 patients who had been treated with bortezomib. The median TTP was not reached for 22 patients receiving 20 mg/kg after a median follow-up of 16.4 months, suggesting that these responses were durable.

Preliminary data of Phase II trials and ongoing Phase III trials {#S12}
----------------------------------------------------------------

The results of Phase I studies prompted subsequent Phase II trials. In a Phase II study of 73 patients with relapsed/refractory MM (one to three prior therapies, lenalidomide naïve), patients were randomized to receive elotuzumab 10 mg/kg (n=36) or 20 mg/kg (n=37), on Days 1, 8, 15, 22 for the first two cycles and on Day 1 and 15 for the remaining cycles, in combination with lenalidomide 25 mg daily on Days 1 through 21 and dexamethasone 40 mg orally weekly or 28 mg orally plus 8 mg intravenously on elotuzumab dosing days, in a 28-day cycle.^[@R24]^ The primary objective was efficacy (ORR≥PR by International Myeloma Working Group criteria). In an updated analysis,^[@R25]^ the ORR was 84% in the overall population, and 92% and 76% in the 10 mg/kg and 20 mg/kg cohorts, respectively. The median progression-free survival (PFS) was not reached in the 10 mg/kg cohort and was 18.6 months in the 20 mg/kg cohort, with a median follow-up of 20.8 months. When combining both Phase I and Phase II studies to evaluate the long-term safety profile, the most common grade 3 to 4 AEs were lymphopenia (19%), neutropenia (18%), thrombocytopenia (16%), and anemia (14%). Fifteen patients discontinued due to AEs and four patients developed secondary malignancies; however, none were found after 18 months of treatment. AEs emergent after 18 months of treatment were consistent with AEs during the initial 18 months, suggesting that there were no cumulative drug toxicities.^[@R25]^ These trials demonstrated the efficacy of combining lenalidomide, dexamethasone, and elotuzumab, and favorable toxicity profiles were observed. In comparison of two Phase III studies (MM009 and MM010 trials) in patients with relapsed/refractory MM treated with lenalidomide and dexamethasone, an ORR of 61% with a median TTP of 11.1 months and an ORR of 60.2% with a median TTP of 11.3 months were noted, respectively.^[@R46],[@R47]^ A dose of 10 mg/kg elotuzumab was chosen for subsequent Phase III trials.

These findings led to the initiation of two currently ongoing Phase III trials. The first Phase III study (ELOQUENT-2, NCT01239797) has currently recruited approximately 640 patients with relapsed/refractory MM. Eligible patients had one to three prior lines of therapy, and prior lenalidomide treatment was permitted provided the best response was ≥PR. Patients refractory to lenalidomide, having drug discontinuation due to grade ≥3 AEs, or having received ≥9 cycles were ineligible. Finally, not more than 9 months should have elapsed between the last dose of lenalidomide and progression; hence, patients enrolled in this trial were likely to be lenalidomide sensitive. Patients were randomized to 28-day cycles of lenalidomide and dexamethasone with or without elotuzumab ([Table 2](#T2){ref-type="table"}). In the other ongoing Phase III study of newly diagnosed, previously untreated MM patients (n=750) (ELOQUENT-1, NCT01335399), a regimen of lenalidomide and dexamethasone with or without elotuzumab is being utilized ([Table 2](#T2){ref-type="table"}). In both ELOQUENT-1 and ELOQUENT-2, the primary end point is PFS and results are eagerly anticipated. The efficacy and safety of elotuzumab in combination with lenalidomide and dexamethasone will be further validated in these two Phase III trials.

Other registered clinical trials {#S13}
--------------------------------

Other currently ongoing clinical trials of elotuzumab are listed in [Table 2](#T2){ref-type="table"}. An ELOQUENT-1 substudy (NCT01891643) is being conducted to see the changes of CS1 expression in MM cells from baseline to progression in both treatment arms. A randomized Phase II study (NCT01478048) is being conducted to compare the efficacy of bortezomib and dexamethasone with or without elotuzumab in patients with relapsed/refractory MM, with a primary endpoint of PFS. A randomized SWOG Phase I/II study focusing on newly diagnosed MM patients with high-risk profiles (NCT01668719) is being conducted to determine the optimal dose of elotuzumab to use in combination of bortezomib, dexamethasone, and lenalidomide in the Phase I stage, and to assess whether incorporation of elotuzumab into the treatment algorithm will improve the PFS in the subsequent Phase II stage. A Phase IIa single arm study (NCT01632150) has been designed to see the safety profile when elotuzumab is used in combination with thalidomide and dexamethasone in patients with relapsed/refractory MM. Another Phase I study in a Japanese population (NCT01241292) is underway to access the safety and tolerability of elotuzumab in combination with lenalidomide and dexamethasone in patients with relapsed/refractory MM. In the premalignancy setting, a Phase II biomarker study of elotuzumab monotherapy (NCT01441973) is in progress to see the association between elotuzumab-induced changes in monoclonal protein and the baseline percentage of NK cells in BM as well as the efficacy of elotuzumab in patients with high-risk SMM.

In the early studies, the principal side effects were infusion reactions, which have been mitigated by premedications. One concern was that elotuzumab therapy would lead to depletion of immune cells, given the fact that certain normal immune cells express CS1. In an analysis reviewing all the three Phase I studies, a transient decrease of total lymphocyte count, both CS1-positive and CS1-negative lymphocyte subsets, was observed following the first dose of elotuzumab, and was resolved as dosing was continued without evidence of elotuzumab-mediated CS1-positive lymphocyte depletion.^[@R48]^ The transient decrease is likely to be associated with lymphocyte trafficking mediated by chemokines or cytokines such as interferon-inducible protein 10.^[@R21],[@R48]^

Future directions {#S14}
=================

Other immunotherapeutic approaches targeting CS1 {#S15}
------------------------------------------------

In addition to elotuzumab, several other immune-based therapies are developing around the CS1 target. Significant progress has been achieved in the development of adoptive immunotherapy using the genetic modification of T cells or NK cells with chimeric-antigen receptor (CAR) that directly target tumor associated antigens. Successful experiences using genetically engineered CAR-T cells were reported in patients with CD19+ acute lymphoblastic leukemia and chronic lymphocytic leukemia.^[@R49],[@R50]^ Recently a CS1-specific CAR incorporating a CD28-CD3ζ costimulatory signaling domain was designed and was expressed on human NK cells using lentiviral vector transduction to generate CS1-CAR-NK cells.^[@R51]^ The CS1-CAR-NK cells showed an enhanced cytolysis of CS1-positive myeloma cells and more interferon (IFN)-γ production in vitro, and also showed similarly enhanced activities to primary MM cells ex vivo. Further, inhibited myeloma tumor growth and prolonged survival of tumor bearing mice in an orthotopic xenograft MM model could be observed.^[@R51]^

Another immunotherapy approach is to trigger cytotoxic T lymphocytes (CTL) with immunogenic peptides, which have specific activity against MM-related antigens expressed on myeloma cells.^[@R52]^ Recently, a novel immunogenic HLA-A2-specific CS1 239-247 (SLFVLGLFL) peptide was identified that was capable of inducing CS1-specific CTL to MM cells.^[@R37]^ The CTL showed antigen-specific cytotoxicity, proliferation, degranulation, and IFN-γ production against HLA-A2-positive/CS1-positive primary MM cells and MM cell lines.

Potential applications and future directions of elotuzumab {#S16}
----------------------------------------------------------

Presently, no mAbs are approved for the treatment of MM. Elotuzumab is the most extensively evaluated mAb and ongoing Phase III trials, if positive, may lead to treatment indications in both the newly diagnosed and relapsed/refractory setting. Another important consideration is where elotuzumab is best positioned. Clearly there is an unmet need for novel agents in the relapsed/refractory setting, and elotuzumab is one of the agents that is furthest in its clinical development. It will be important to analyze the efficacy in lenalidomide-pretreated patients in the ELOQUENT-2 study.

Based on the preclinical and clinical data thus far, it is clear that elotuzumab will be more effective when used in combination with other agents. Therefore, it will be important to search for novel agents which when partnered with elotuzumab enhance anti-MM activity without adding toxicity. Since the immunomodulatory drugs enhance ADCC, combining elotuzumab with lenalidomide as maintenance therapy seems an attractive and rational option to explore. High-risk myeloma, especially when defined by gene expression profiling, still has a poor outcome; it will be of interest to evaluate whether addition of elotuzumab can improve outcome, which is being studied in a SWOG study. A groundbreaking study in patients with high-risk SMM has reported a longer time to progression and survival in patients treated with lenalidomide and dexamethasone compared to observation only.^[@R53]^ These findings have raised the speculation that nontoxic mAbs such as elotuzumab could be applied in this setting too.

More than 20 novel mAbs will be clinically studied in MM. Daratumumab, an anti-CD38 mAb which has demonstrated single agent anti-MM activity, seems a particularly interesting agent.^[@R54],[@R55]^ Future attempts to directly compare the efficacy of different mAbs will likely be difficult. It will be important to look for biomarkers which predict response to specific mAbs and study mechanisms of tumor escape.

Conclusion {#S17}
==========

MAb therapy targeting specific MM-related antigens is an exciting therapeutic strategy currently being vigorously investigated. The unique expression pattern of CS1 makes it an attractive target for designing mAbs and other immunotherapies. Currently, elotuzumab has shown to be active in preclinical and early stage clinical trials, and its efficacy and safety will be further validated in ongoing Phase III trials. It will be important to define the best way to further integrate elotuzumab into currently available therapeutic paradigms, as well as to determine the best clinical placement of elotuzumab, not only in the relapsed/refractory setting but also as upfront therapy in high-risk MM, maintenance therapy, or even high-risk SMM, to achieve better disease control and quality of life, maintain longer remission duration, and decrease treatment-related toxicities. Elotuzumab is more effective when used in combination with other agents; therefore, it will be important in the future to design rational combinations, such as newer generation of immunomodulatory drugs or proteasome inhibitors, small molecules or other mAbs, and cellular therapies such as ENK cells, with an enhanced anti-MM effect and a favorable AE profile. Future basic research will likely explore the biology of CS1, including the action of CS1 in immune cells other than NK cells, the functional consequences of elotuzumab on normal immune cells, and the functional role and signaling pathways of CS1 during the malignant transformation of plasma cells, which need to be clarified.
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![CS1 expression quantified by gene expression (**A**), and immunohistochemistry (**B**).\
**Notes: (A)** CS1 is highly expressed in CD138+ NPC (n=24), patients with MGUS (n=14), SMM (n=35), and MM BS (n=532) and MM REL (n=79), while expression in MMCL (n=45) is lower. CS1 is expressed in NK cells but at a lower level (NK, n=16), and is nearly negligible in other NT (15 tissue samples). (**B**) Strong CS1 expression in plasma cells from BM samples of two patients with MM by immunohistochemical staining with mAb IG9 (400×). Images shown in (**B**) are reproduced from Hsi et al. CS1, a potential new therapeutic antibody target for the treatment of multiple myeloma. *Clin Cancer Res*. 2008;14(9):2775--2784.^[@R18]^ Copyright © 2008, American Association for Cancer Research.\
**Abbreviations:** mAb, monoclonal antibody; MGUS, monoclonal gammopathy of undetermined significance; MM BS, multiple myeloma treated on Total Therapy 2 and 3 protocols at baseline; MM REL, multiple myeloma treated on Total Therapy 2 and 3 protocols at relapse; MM, multiple myeloma; MMCL, myeloma cell lines; NK, natural killer; NPC, normal plasma cells from healthy donors; NT, normal healthy tissue; SMM, smoldering multiple myeloma.](nihms688412f1){#F1}

![Mechanisms of action of elotuzumab. The primary mechanism of action of elotuzumab against myeloma cells is NK cell-mediated ADCC. Elotuzumab can also interfere with the adhesion of myeloma cells to BMSC, or can induce NK cell activation directly through binding CS1 expressed on NK cells.\
**Abbreviations:** ADCC, antibody-dependent cellular cytotoxicity; BMSC, bone marrow stromal cells; NK, natural killer.](nihms688412f2){#F2}

![Elotuzumab enhanced both ex vivo expanded NK cell-mediated, and to a lesser extent, resting NK cell-mediated killing of autologous myeloma cells in a standard 4-hour ^51^Cr release assay.\
**Abbreviations:** E:T ratio, effector:target ratio; ENK, expanded natural killer cells; NK, natural killer; RNK, resting natural killer cells.](nihms688412f3){#F3}

###### 

Monoclonal antibodies in various stages of clinical investigation for the treatment of multiple myeloma

  Mechanisms of action                                                                                   Target                                                          Agent                   Trial phase
  ------------------------------------------------------------------------------------------------------ --------------------------------------------------------------- ----------------------- -------------
  Targeting proteins expressed on myeloma cells or involving myeloma cell adhesion                       CS1                                                             Elotuzumab              III
  CD38                                                                                                   Daratumumab                                                     II                      
                                                                                                         MOR03087                                                        I/II                    
                                                                                                         SAR650984                                                       I                       
  CD138                                                                                                  BT062 (nBT062-SPBD-DM4 conjugate)                               I/II                    
  CD40                                                                                                   Dacetuzumab (SGN-40)                                            I                       
                                                                                                         Lucatumumab (HCD122, CHIR 12.12)                                II                      
  CD56                                                                                                   Lorvotuzumab (IMGN901, huN901-DM1 conjugate)                    I                       
  CD74                                                                                                   Milatuzumab (hLL1, IMMU-115)                                    I/II                    
                                                                                                         Milatuzumab-Dox (hLL1-DOX, milatuzumab-doxorubicin conjugate)   I/II                    
  CD200                                                                                                  ALXN6000                                                        I/II                    
  ICAM-1 (CD54)                                                                                          BI-505                                                          I                       
  Neutralizing growth factors in bone marrow microenvironment or inhibiting growth-promoting receptors   IL6                                                             Siltuximab (CNTO-328)   II
  VEGF                                                                                                   Bevacizumab                                                     II                      
  IGF-1R                                                                                                 AVE1642                                                         I                       
                                                                                                         Figitumumab (CP-751,871)                                        I                       
                                                                                                         MK0646                                                          I                       
  BAFF                                                                                                   Tabalumab (LY2127399)                                           II                      
  Targeting mediators of bone disease                                                                    RANKL                                                           Denosumab               III
  DKK1                                                                                                   BHQ880                                                          I/II                    
  Improving antimyeloma immune responses                                                                 PD-1                                                            CT-011                  I
  KIR                                                                                                    IPH2101 (1-7F9)                                                 II                      
  Others                                                                                                 TRAIL-R1                                                        Mapatumumab             II

**Abbreviations:** BAFF, B-cell activating factor; IGF-1R, insulin-like growth factor 1 receptor; IL6, interleukin 6; KIR, killer-cell immunoglobulin-like receptor; PD-1, programmed cell death 1; RANKL, receptor activator of nuclear factor kappa-B ligand; VEGF, vascular endothelial growth factor; DKK1, dickkopf-1; ICAM-1, intercellular adhesion molecule-1; TRAIL-R1, tumor necrosis factor-related apoptosis inducing ligand-receptor 1.

###### 

Ongoing clinical trials using elotuzumab for the treatment of multiple myeloma

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study agents                                                                  Population                                                    Treatment protocols                                                                                                                                                                                                                                                                                                                                                    Phase                Estimated\                                        Primary endpoint                                    Registry\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          enrollment                                                                                            number
  ----------------------------------------------------------------------------- ------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------- ------------------------------------------------- --------------------------------------------------- -------------
  Lenalidomide + dexamethasone with or without elotuzumab (ELOQUENT-2)          RRMM (1--3 prior therapies)                                   Arm A: lenalidomide 25 mg PO daily Days 1--21 + dexamethasone 40 mg PO weekly on Days 1, 8, 15, 22; every 28 days\                                                                                                                                                                                                                                                     III                  640                                               PFS                                                 NCT01239797
                                                                                                                                              Arm B: same as Arm A[a](#TFN3){ref-type="table-fn"} + elotuzumab 10 mg/kg IV Days 1, 8, 15, 22 in cycles 1--2; Days 1, 15 in cycles 3 and beyond; every 28 days                                                                                                                                                                                                                                                                                                                                   

  Lenalidomide + dexamethasone with or without elotuzumab (ELOQUENT-1)          Newly diagnosed MM, not HSCT candidates                       Arm A: lenalidomide 25 mg PO daily Days 1--21 + dexamethasone 40 mg PO weekly on Days 1, 8, 15, 22; every 28 days\                                                                                                                                                                                                                                                     III                  750                                               PFS                                                 NCT01335399
                                                                                                                                              Arm B:zsame as Arm A[a](#TFN3){ref-type="table-fn"} + elotuzumab 10 mg/kg IV Days 1, 8, 15, 22 in cycle 1--2; Days 1, 15 in cycles 3--18; 20 mg/kg on Day 1 in cycles 19 and beyond; every 28 days                                                                                                                                                                                                                                                                                                

  ELOQUENT-1 substudy                                                           Same as ELOQUENT-1                                            Same as ELOQUENT-1                                                                                                                                                                                                                                                                                                                                                     Same as ELOQUENT-1   Efficacy (change of CS1 expression in MM cells)   NCT01891643                                         

  Bortezomib + dexamethasone with or without elotuzumab                         RRMM (1--3 prior therapies)                                   Arm A: bortezomib 1.3 mg/m^2^ IV Days 1, 4, 8, 11 in cycles 1--8 every 21 days; Days 1, 8, 15 in cycles 9 and beyond every 28 days + dexamethasone 20 mg PO Days 1, 2, 4, 5, 8, 9, 11, 12 in cycles 1--8 every 21 days; Days 1, 2, 8, 9, 15, 16 in cycles 9 and beyond every 28 days\                                                                                  II                   150                                               PFS                                                 NCT01478048
                                                                                                                                              Arm B: same as Arm A[b](#TFN4){ref-type="table-fn"} + elotuzumab 10 mg/kg IV Days 1, 8, 15 in cycles 1--2 every 21 days; Days 1, 11 in cycles 3--8 every 21 days; Days 1, 15 in cycles 9 and beyond every 28 days                                                                                                                                                                                                                                                                                 

  Bortezomib + lenalidomide + dexamethasone with or without elotuzumab(S1211)   Newly diagnosed high-risk MM[c](#TFN5){ref-type="table-fn"}   Arm A: induction: bortezomib SC or IV on Days 1, 4, 8, 11 + lenalidomide PO daily Days 1--14 + dexamethasone PO or IV Days 1, 2, 4, 5, 8, 9, 11, 12 every 21 days for 8 cycles. Maintenance: bortezomib SC or IV on Days 1, 8, 15 + lenalidomide PO daily Days 1--21 + dexamethasone PO or Days 1, 8, 15, 22 every 28 days\                                            I/II                 122                                               Safety profile in Phase stage, PFS in Phase stage   NCT01668719
                                                                                                                                              Arm B: same as Arm A + elotuzumab IV on Days 1, 8, 15 in cycles 1--2; Days 1, 11 in cycles 3--8 every 21 Days for 8 cycles in induction; elotuzumab IV Days 1, 15 every 28 days in maintenance                                                                                                                                                                                                                                                                                                    

  Thalidomide + dexamethasone + elotuzumab                                      RRMM (5 or less prior therapies)                              Thalidomide 50 mg PO Days 1--14 and 100 mg Days 15--28 in cycle 1; 200 mg daily in cycles 2 and beyond + dexamethasone 40 mg PO weekly[a](#TFN3){ref-type="table-fn"} + elotuzumab 10 mg/kg IV weekly in cycles 1--2 and every other week thereafter (+ cyclophosphamide 50 mg PO daily if applicable, in subjects not achieving partial response by end of cycle 4)   II                   40                                                Safety profile                                      NCT01632150

  Lenalidomide + dexamethasone + elotuzumab                                     RRMM in Japanese (1--4 prior therapies)                       Elotuzumab IV 10 or 20 mg/kg weekly in cycles 1--2; biweekly in cycles 3 and beyond + lenalidomide + dexamethasone                                                                                                                                                                                                                                                     I                    20                                                Safety profile                                      NCT01241292

  Elotuzumab                                                                    High-risk SMM[d](#TFN6){ref-type="table-fn"}                  Elotuzumab 20 mg/kg IV Days 1, 8 in cycle 1; Day 1 in cycles 2 and beyond, every 28 days (first 15 patients)\                                                                                                                                                                                                                                                          II                   40                                                Efficacy (with biomarker study)                     NCT01441973
                                                                                                                                              Elotuzumab 10 mg/kg IV Days 1, 8, 15, 22 in cycles 1--2; Days 1, 15 in cycles 3 and beyond, every 28 days (second 15 patients)                                                                                                                                                                                                                                                                                                                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Dexamethasone will be administered at dosages of 28 mg PO and 8 mg IV on weeks with elotuzumab;

dexamethasone will be administered at dosages of 8 mg PO + 8 mg IV on days of elotuzumab;

high-risk MM is defined by GEP70, t(14;16), t(14;20), del(17p) by FISH or cytogenetics, primary plasma cell leukemia, serum LDH ≥2 times of institutional upper limit of normal value;

high-risk SMM is defined by 1) serum M protein ≥3 g/dL and BMPC ≥10%, 2) serum M protein 1--3 g/dL and BMPC ≥10% and abnormal FLC ratio of \<0.125 or \>8.0, 3) urine M protein \>200 mg/24 hours, and BMPC ≥10% and abnormal FLC ratio of ≤0.125 or ≥8.0. Data from <http://clinicaltrials.gov>.

**Abbreviations:** FISH, fluorescence in situ hybridization; HSCT, hematopoietic stem cell transplantation; IV, intravenous; LDH, lactate dehydrogenase; MM, multiple myeloma; PFS, progression-free survival; PO, per os; RRMM, relapsed/refractory multiple myeloma; SC, subcutaneous; SMM, smoldering multiple myeloma; BMPC, bone marrow plasma cell; GEP, gene expression profiling; FLC, free light chain.
